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As is known, the limits imposed on the applicahility of conventional 
distancc relays to the protection of solidly-earthed-neutral high-voltage 
networks greatly depends on what megnitudc of fault currents will flow in 
the sound phases of the line to he protected in the eyent of a single-phase-to­
earth fault under a given service condition of the network [l]. 

Fig. 

Th,~ determination of the maximum sound-phasp fault current often 
encountns difficultics. As is known, the sound-phase fault eurrent is composed 
of two part;::, l,iz. of a component flo\\'ing in the unloaded line (termed "fault 
eompoIlent of tht' soundphase fault eurrent"), and of a component dt'pending 
on the line load (termed "load component of the sound-phase fault current"). 
,fith good approximation [1], and for practical calculations, the sum of these 
eomponent:;; can he obtained hy vectorial addition of the fault component of the 
sound-phase fault current (no-load component) and the load current which 
has flown in the line before the occurrencc of the fault. The maximulll Illay 
simply he obtained by adding the maxima of the two components assumt'd 
to he of ic1t'ntical vector directions. The value of the maximum load current 
is usually given (e.g., taken as equal to the thermal overload capacity of the 
line), whereas the fault component is dependent on several factors. 

For the transmission line represented as an example in Fig. 1, the 
variahles are the reduced supply impedances of the networks adjoining the 

line tt'rminals, i.e. Zmj' Zm2' Zmo and Z;"'l' Z;112' Z~l1J' as ,n·lI as the location,;; 
of the fault 0, CD orG)' The judgement of the dependence on the fault location 
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is the easier task: the maximum sound-phase fault current is usually associated 
with the line-end faults, i.e. with faults C) or 0, hecause the zero-sequence 
currents defined by the concentrated zero-sequence impedances of transformers 
installed at the substations are always predominant oyer those permitted to 

flow by the ZO/Zl ~ 3 impedance ratio of the transmission lines [1]. Thus, 
it only remains to be determined under which network conditions will the 
maximum fault component of the fault current flow in the sound phases. 

1. Two-line suhstation 

In order to introduce and demonstrate the application of the method, 
let a simple two-line substation of Fig. 2 be assumed, and let the case be 
found in which the sound-phase fault current will be maximum. Let the line 
investigated be A and let the t"WO distinct network conditions be examined, 

A B 

Lne el.omined 

--<1-<1--<;>-6.--[ 

Fig. 2 

first with Line B disconnected, then with the same line connected. For the 
sake of simplicity, the phase angles of the impedances inyoh'ed are taken as 
equal throughout, the positive- and negative-sequence impedances are also 
taken as equal, the net"work is assumed to be unloaded* and, finally, the 
supply impedances hehind lines A and B are taken independent of each other. 
As explained in Section F. 1 of the Appendix, the folio-wing rule can be establish­
ed for the case of a single-phase fault occurring at Station E: 

The sound-phase fault current for the protection of Line A is higher lcith 
Line B disconnected than that with Line B connected, if the ratio of the zero­
sequence impedance to the positive-sequence driving point impedance LS 

higher Lcith Line B connected than lcith the same line disconnected, (l) 
l.e. 

J l 'f Zo 
lA> ,1 - > 

Zl Z{ 
(2) 

* According to [I], it is expedient to perform the investigations assuming the net.work 
unloaded and considering the loads additionally. 
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I lASPhz 
lA = 

lA sph Z 

sound-phase fault current in Line A 
after disconnecting Line B 

sound-phase fault current in Line A 
'without disconnecting Line B 

111 

Z 1 = resultant posltr..-e- (and negative-) sequence driying point impedance of 
station E 

Z~ ditto, yet after disconnecting Line B, 
Zo = resultant zero-sequence driying point impedanee of Station E, 
Z~ = ditto, yet after disconnecting Line B. 

2 _ Station with any numher of lines 

The theorem laid down in Section 1 can he extended to the case of 
stations having any numher of lines_ 

If out of n lines (n-I) are disconnected, i_e. only the line investigated 
remains connected to the station, the equiyalent impedance of the sole dis-

i'>--- __ _ 

LIne exaFmned 

Fig_ 3 

eonnected supply (B) considered in Fig. 2, Fig. 12 and in Section F. 1 of the 
Appendix shall he replaced hy the oyerall resultant supply impedance of the 
(n -1) lines, as seen from Station E and, thus, the statement formulated at the 
end of Section 1 is also valid for the case of Fig. 3 ! Thus, the prohlem reduced 
to the case of two lines: 

Line B (i_e. the supply from LiIlc B) is replaced hy the group of lines 

B t -B2-B 3 • 
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If, howeyer, the disconnection of less than (n-1) lines out of n lines is 

considered (Fig. 4), the problem can only he reduced to the case of thrce 
lines. The three groups and their respectiYe impedances are as follows: 
A - the supply impedance of thc network connected through the investigated 

lin e, 

B -- the resultant supply impedance of the lines to he disconnected, as seen 
from station E, 

C - the resultant supply impedance of lines rcmaining connected, as seen 
from Station E. 

Further, 

E --- the impedances of transformers installed at Station E. 

Fig. -1 

As detailed in Section F. 2 of the Appendix, the results ohtained are 
formally identical with those deduced for the two-line station. Thm, for the 

:,illgle-phaEe earth fault in Station E the following can he stated: 
For anyone arbi {rarily chosen (in vestigated) line cOT/nected to a station 

Irith any llllmber of lines, the maximllm sound-phase fault current occurs It'ith 

the combinatioll of connected and disconnected lines, in ldlich the ratio of the 

resultant ::;ero-sequence impedance to the positiz:e-sequence driving point impedance 

of the station is InilliTllll111~ (3) 

I.e. : 

h~\ = z > 1, if 
IABCE 

A spl1 Z 

( 4) 

The upper indices refer to the connected impedances, i.e. to those 'whieh contrib­
ute to the resultant. 

According to Seetion F. 3 of thc Appendix, other relations betwcen the 
ill1l'c'dance ratios can alsohe found, ri::;. those of the eomplementary impedances. 
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By making use of these relations, the following statements can also be made, 
without requiring further explanation: 
First, expressed by means of formulae: 

If 
ZABCE ZACE o >_0 __ _ 
Zt BCE Zi'CE 

(5) 

then, according to F. 3 

ZB ZACE 
_(_, _ '- _(J __ 

Zs ...- ZACE 
1 1 

(6) 

Thus, considering (3) and (4), the same rule expressed in words, is as follows: 
For single-phase earth faults of a station, when investigating one of several 

lines having independent equiralent supply impedances, a higher sound-phase 
fault current It'il! then be obtained, by connecting a further line, if the zero-jpositive. 

Line 2/om/ned 

,Fig. ,) 

sequence impedance ratio of the additionally conTlected line, as viewed from the 
station (for this additionally cOllnected line only) is Iou'er than the resultant 
zero-/ positive sequence impedance ratio of the station determined for the case 
of having only the investigated line connected. (7) 

As soon as a higher impedance ratio is found 'with these additional 
lines, no further line needs to he connected for determining the maximum 
,.:ound-phase fault current. 

E.g., considering Fig .. 5, let the ratio of the equiyalent impedance of the 
illycstigated Line A to the resultant supply impedance of the station be: 

ZAE 
C-<E = _0_ = 0.9. 

Zi'E 

o Periodiea PolytcdlIli('a El. XIIil. 
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The impedance ratios of the other lines disconnected from the station are as 
follows (Fig. 5): 

CB = z~ = 2.8. 
ZB . 

1 

CC 2.1, 

CD = 0.8. 

In this particular case the maximum sound-phase fault current is obtained 
for Line A, if beside Line A only Line D is connected. 

The statements outlined above can also be formulated by using practical 
data in the following way: 

The zero-Jpositive-sequence impedance ratio of transmission lines usually 
Z 

lies in the vicinity of-o ~ 3. If a transformer with earthed neutral is connected 
. Zl 

to the end of such a transmission line, for this terminal station the zero-J 
positive-sequence impedance ratio is generally much lower than 3, and often 
lies around 1, and may be even lower than 1 (as in the case of CAE = 0.9 in 
the example). The o"wn impedance ratio of each of the other lines is composed 
of the equivalent impedance of the station joined to the remote end of the 
line and of the impedance of the line itself. Apart from very short lines, the 
impedance ratio of the respective line will be decisive, thus its impedance ratio 
will be near to 3, but due to the smaller ratio of the remote-end station "will 
usuallv be some"what 1o-wer than that (such as CB = 2.8 and CC = 2.1 in the 

J " 

example). In the case of unusually short transmission lines the impedance 
ratio of the remote-end station becomes dominant, "which is generally much 
lo"wer than 3, thus the resultant impedance ratio (remote-end station line) 
will also be close to, or may even be less than, 1 (CD = 0.8 in the example). 
Thus, thc case of a very short line can bc regarded as if one could "see over" 
to the remote end of the line, and instead of the line impedance ratio that of 
the station became effective. 

According to the above, for the protection of a transmission line the 
maximum sound-phase fault current is obtained, if the line in question is the only 
line feeding the station (E) located at its end, further, if all (or a reasonable 
maximum number of) transformers are connected in Station E, and if lines 
with consumer loads only (C O!, hecause Zl -,..=) and very short transmission 
lines are connected to the busbars. These latter very short lines are only to he 
considered, if one "sees over them", i.e. their ratio C is lo"wer than the joint 
impedance ratio of the investigated line ~ Station E. 

The critical network condition can thus be determined in the following 

way: 
a) The investigated line, all station transformers and the lines supplying 

consumer loads only (= radial lines with distrihution transformers at their 
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remote ends) is to be connected to the busbars of Station E in question. The 
connected lines are also to include those -which are - under normal service 
conditions of the network - not feeder lines supplying consumer load only, 
but which may reasonably become such due to disconnecting all other supply 
lines from the remote-end station. Further, from the busbars of Station E 
all lines are to be disconnected for which the disconnected condition may 
reasonably be assumed. Now, the yalue of ratio Cl is to be determined. 

b) For the disconnected lines and supply lines, respectively, the value 
of ratio Cx as viewed from Station E is to be determined. The supply line 
having the lowest value of Cx - if this is 10'wer than the resultant yalue deter­
mined according to a) - is to be connected and a new C2 ratio is to he calculated 
for the station. 

c) If any among the Cx values is found to he lower then C2 , the line 
giving the lowest ratio is to be connected and again a new C3 ratio is to be 
determined. 

d) The procedure given under c) is to he carried on until no such discon­
nected supply is left which would give a 10'wer ratio than the resultant Ce 

finally obtaincd for the station. This network condition will be the one with 
which the maximum sound-phase fault current will flow in the investigated line. 

It should be noted that after having found the reasonable minimum 
service condition as outlined under a), there is generally no need for connecting 
any further lines, because the Cx found according to b) will usually not he 
lower than Cl. Thus the method suggested in the paper for finding the service 
condition, with which maximum sound-phase fault currents are associated, is a 
rapid procedure. 

3. Station ",ith two interdependent supply lines 

In Sections 1 and 2 it -was assumed that the lines feeding Station E are 
independent of each other. Although this "pure" case is of rare occurrence in 
practice, with minor neglections the supplies llza}' be considered as being inde­
pendent in a great majoritx of the cases . 

. If two lines connected to a station are closely interconnected (Figs 
6 and 7), the statements of Sections 1 and 2 can no longer he considered as 
valid. It should be noted, however, that even for a considerahle part of these 
cases the stated theorems remain applicable, e.g. 'when in the network configu­
ration of Fig. 6 hehind x and X the generating capacities are considerable, or 
the two lines of Fig. 7 can be treated as one line, etc. 

Two interdependent supplies - provided the generator yoltages are 
equal - can in all cases be reduced to a Y connection (Fig. 8-11). For the 
network configurations thus obtained - "with the lleglections mentioned in 
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Fig. 11 

-c 

Section 1 - it can also he found when the higher sound-phase fault currcnt 
will occur. According to F. 4 of the Appendix, in the event of an earth fault 
in Station E the sound-phase fault current will he higher with Line B disconnect­
ed, than 'with hoth lines in operation, thus 

l' 
AsphZ > 1, 

lA sphZ 

(8) 
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if 
Z' o ( I 9b) I (.) 9b ) -- al T ~ 0 T ",al - - I 

(9) 

Z' (ao - bo) + (2ao + bl ) 

I 

where Zu' Zl' Z~ and Z~, are equal to the respective quantities given in Section 
I, and aI' bp ao and ba are the combinations consisting of the impedances of 
Figs 9, 10 and ll. 

Their values can be calculated from Equations F39, F40, F44 and F45. 
Unfortunately, Relation (8) fails to give such a simple answer to the 

problem, as e.g. (2) or (6). Still, it gives the ans'wer. Obviously, it is expedient 
to use Relations (2) and (6), respectively, if with reasonahle neglections the 
supplies can be considered as independent. 

If on the right-hand side of Relation 9 the constants are sulJ5tituted hy 

FI = F~ = Fo = 0 (making thereby the supplies independent of each other), 
the relation reduces to (2). 

4. Conclusion 

By means of the method descrihed in Sections I, 2 and 3 without 
performing the short circuit-calculation - the actual connection of the net­
work can he predetermined, from which the maximum sound-phase fault 
current for computing the distance-protection settings of the line in question 
is to he calculated. This method renders lengthy variational short-circuit cal­
culations unnecessary for this purpose, the performance of the short-circuit 
calculation being required for only one predetermined network configuration. 

For practical purposes, of course, the simple method of Section 2 may 
be recommended, and it is advisable, even at the expense of suitable neglec­
tions, to use the simple form, i.e. to make the supplies of the station in 
question independent of each other, possihly hy applying a suitable grouping 
of the lines. 

Finally, it is worth mentioning that the described method lends itself 
to be used in theoretical considerations, as well as in computing the relay 
settings of new lines added to existing networks. When used for the former 
purpose, the advantage lies in the applieahility of simple relations (Section 2), 
while for the latter the node-point and supply impedances referred to in the 
paper can easily be determined from the available short-circuit map of the 
existing network. 
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5. Appendix 

F.l. Two-line station 

A) The following assumptions are made in the calculations: 
a) Faults occur with no load on the system (thus all generated voltages 

are taken to be equal and in phase). 
b) The phase angles of impedances are equal. 
c) The positive- and negative-sequence impedances are equal. 
d) The supplies from A and B (and the networks behind them) are inde­

pendent of each other. 

L; 
U 

A, 

hi h2 ha 

Fig. 12 Fig. 13 

With these assumptions the equivalent sequence network for the single­
phasc-to-earth short-circuit occurring at the busbars of Station E shown in 
Fig. 12 is represented in Fig. 13. 

The sequence currents flowing in the system on the occurrence of a phase­
to-earth short-circuit are as follo"ws: 

u 
(F. 1) 

The currents flo'wing in Line A are 

(F. 2) 

(F. 3) 

(F. 4) 
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According to the assumption made under C) 

(F. 5) 

further [1] the fault component of the sound-phase current being 

(F. 6) 
we obtain 

lAsPhz = lAO lAl = 11 __ B-=-1 -J (F. 7) 
Al +Bl 

Substituting F.l. into F.7.: 

u r4 sph Z = ~----;--::::---------;-=----=:-----

Simplifying F.8: 

lA sphZ = 

where 

Al Bl Z 1 = ----'=---=--
Al + Bl 

15 the resultant positive- (and negative) sequence driying point imped­
ance of Station E, 

(F.8) 

(F.9) 

IS the resultant zero-sequence driving point impedance of Station E, 
Al is the positiye- (and negative) sequence impedance of the supply 

from A as viewed from Station E 

f 
(F.IO) 

A ,j is the zero-sequence impedance of the supply from A as viewed 
from Station E. 

B) If from Station E shown in Fig. 12 Line B is disconnected, the j 
sound-phase fault current can similarly be obtained: 

[ Z' Z'l . _0 ___ 1_ 

A o Al J 

(F.Il) 
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In accordance with the interpretation shown In Fig. 19 it can be seen thaj 
when disconnecting Line B, 

(F.12) 

thus 

l~ = __ U __ . l Z~ - 1]. 
. sphZ .:J 4. Zo' Ao 

-" 1 

(F.l3) 

C) The ratio of the two currents (F.9 and F.13), for Line A will be 

Z' 0 1 

hA lAsPhz 2Z1 (F.l{1 
lA sph Z 2.Al 

Ao Al 

If the value of lz A is higher than unity. then by disconnecting Line B th e 
sound-phase fault current of Line A will increase in the case of a single-pha:::e-to­
~arth fault at E. When It:ill hA be higher than unity? 

1 Z' -- 1 

(F.15) 

With the assumption given under b) the phase angles of all elements in F.15 
are equal, thus the fractions are an real quantities, so the relation 

h.-" 1 

can be interpreted, thus 

1 

Zo + 2Z1 

Z~ + 2.Z{ 
1, 

or, rewritten into another form: 

Zo ') 
Z' 0 1 1 

Zl 
Z' 0 ') 
--I "-
Z' Zi Ao Ai 1 

l. (F. 16) 
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According to [1] - based on practical cases - on the occurrence of a single­
phase-to-earth fault in a station a "lack of 10" arises in the lines, i.e. a IO'wer 
1 () than 11 will flow towards the fault, because a considerable amount of 1 u 

and no 11 will be supplied by the local transformers of the station: Hence, 
the terms in sequare brackets of Eqs F.7, F.S, F.9 and F.ll, F.12 will be 
negative. 

In Equ. F.7 1 . .1. sph.Z lAo-lA1 and following from the above, i lAd. 
< lA} '. Thus, in the unequality F.I6 both the numerator and denominator 
of the s~cond (right-hand-side) fraction are negative. Before solving the ine­
quality let both the numerator and denominator he multiplied by (-1): 

Zo .1- ') 
I Z' 0 I 

Z1 A . 1, 
Z~ -L ') 

Z' 1 .. 11 Zl ..10 
so 

~..L ') 
Z' 0 .) 

Z' 1 (F. 17) 
1 Z' 1 0 

Al Z1 .110 Al Z{ A() 

From F.I7 it can he seen that the condition of equality IS satisfied 'when 

(F.l8) 

Rewriting and reducing F.I7, the follo'wing relation is obtained: 

Z' o 

Z' 1 

or In words: 
The sound-phase fault current flowing in Line A, -with Line B disconnect· 

cd, will then he higher than with Line B connected, if the ratio of the zero­
sequence impedance to the positive-sequence driving point impedance of the 
station is higher with Line B connected than with the latter disconnected. 

F.2. Three-line station 

In the network shown in figure 14. and applying the results of F.I to this 
case, the sound-phase fault current flowing in Line A, with all other line~ 
connected will be (see Equ. F. 9): 
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'where 

GY. PDKA 

Lina to be 
disconJ}_Bcted 

Fig. 14 

(F. 20) 

Zl is the resultant positive (and negative) sequence driving point imped­
ance of Station E, 

Zo is the resultant zero-sequence driving point impedance of Station E. 
Similarly, after disconnection of Line B (according to F.Il): 

u 1:4 spl1. Z = ----
2Z~ + Z~ 

(F. 21) 

Z~ IS the resultant posItIve (and negative) sequence driving point imped­
ance of station E, after disconnecting Line B (here Z~ ;:::' Al !) 

Z~ is the resultant zero-sequence driving point impedance of Station 
E, after disconnecting Line B. 

Due to the identity of formulae sho'wn above the conclusions 'which can be 
drawn are in principle the same as those arrived at for the case of the two-line 
station (sce Section F.1 of the Appendix). 

F.3. Conversion to the supply impedances (Generalization) 

In all the cases discussed above the ratios between the resultant sequence 
impedances and that between partial sequence-impedances haveheen compared. 

E.g. (Eqll. F.19): 

(F.22) 
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Here the impedances Zo and Z~, and Zl and Z{, respectively, can be brought 
into interrelation by means of the complementary impedances: 

1 1 1 

Zo 
--+ Zk z' 0 0 

(F. 23) 

and 
1 1 1 

Zl Z~ Zk 
1 

(F. 24) 

Substituting F.23 and F.24 into F.22 and rearranging the latter, the follo'\ing 
relation is obtained: 

1 1 1 

Z{ Zk Z' 1 1 (F. 25) 
1 , 1 1 
--I 

Zk Z' Z~ 0 0 

As can be seen, the two quantItIes on the right-hand side appear also on the 
left-hand side of the relation. If all terms in the fraction are positive (and this 

condition applies to the impedances), then after some multiplications, simpli­
fications and regrouping the following relation is obtained: 

or 

1 1 

Z~ 
1 

Z~ Z~ 

Z~ 

Z~ 

(F. 26) 

(F. 27) 

Thus, when the ratio of the resultant zero-sequence to posItIve-sequence 
impedances is higher than the ratio of the corresponding partial impedances, 
then the ratio of the complementary impedances will also he higher than those 
of the partial impedances. 

F.4. Tiro interdependent supplies 

The reduced equivalent networks of the station with two interdependent 
supplies shown in Fig. 8 are represcnted in Figs 9, 10, and 11. Based on these 
equivalent networks, the symmetrical components of the short-circuit currents 
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flowing 1Il the case of a single phase-to-earth fault of Station E will he as 
follows: 

u 
---------------------------------------

F~ 

The respective sequence currents, when Line B is cLiseonneeted, will })f 

(F.28.h) 

Let the following notations be introdueed for the resultant impedances refening 
to Station E: 
Z 1 for the positive-sequence driying point impedance (Z2 Zl' according to 

the conditions of Section F.l.), 
ZtJ for the zero-sequence driving point impedance, and 
Zi and Zb for the respectiYe yalues as defined above, Yet referring to the 

ease when Line B is disconnected. 

Thus 

!Fo __ AoB~_) Eo 

Zo = ------------"'-----"....:----

and 

(F.:29) 

IF.30) 

(F.31) 

(F. 3:2) 

(F.33) 

(F. 3-1) 
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Suhstituting these relations into F.28.a and F.28.h: 

(F. 35) 

(F. 36) 

The positiye-sequence current III Line A, with all lines connected, will be 

u 

(F. 37) 

and the zero-sequence current: 

lOA 

LT 
(F. 38) 

1· :,ing th .. following notations: 

(F. 39) 

and 

(F. -10) 

the 80lUlcl-pha:::e fault current in Line A, ,,·ith all lincs connected, will be 

U 
L I'· = I .1 - I, = -------

.~ ;p 1 u o. . 1 . ., ') . Z -'- Z 
- 1, 0 

The positiye-sequence current in Line A, with Line B disconnected. 

I{ .. \ 
u u 

l' 1 (F. 42) 
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and the zero-sequence current: 

u u 
2Z~ + Z~ 2Z~ + Z~ 

I 
---- ·Z~. 
Fo Ao 

·With the notations 

and 

the sound-phase fault current in A with B disconnected: 

The ratio of F.41 to F.46 ·will be 

hAY = l~4.sPhZ 
lA sphZ 2Z{ -+- Z~ 

When will this ratio be higher than unity? 

hAY I, if 

boZ~ - bl Z~ 

aoZo - al ZI 

(F. 43) 

(F. 44) 

(F. 45) 

(F. 46) 

(F. 47) 

(F. 48)* 

If the values FI F2 = Fo = 0 are substituted into FAS (making 
thereby the supplies independent of each other, see Figs 9, 10 and ll), then 
the relation 

Z~ 

Z{ 

already known (F.19) is again obtained. 

(F. 49) 

* Similar to the procedure applied for reducing relation F. 16. in Section F. L of the Ap­
pendix, also here the numerator and denumerator is to be multiplied by (-1) to rearrange 
the inequality. 
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Summary 

On single-phase-to-earth short-circuits occurring in solidly-earthed-neutral systems 
fault corrents of considerable magnitude flow in the two sound phases not directly affected 
by the fault. The dependence of these currents termed "sound-phase fault currents" on prevail­
ing network conditions is discussed by the author. The results obtained and the methods 
proposed in the paper are suitable for practical applications and lend themselves to form the 
basis for dra"\\ing conclnsions of general validity. 
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